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ERNEST CRAIGE, MD, FACC 
Chapel Hill, North Carolina 
To investigate the left ventricular wall dynamics con-
ducive to the third heart sound (S3) in both hyper- and 
hypodynamic filling conditions, eight dogs were studied 
in which an S3 was produced by hypoxemia and in eight 
others by acute mitral regurgitation. Pulse transit sono-
micrometry crystals were used to measure external left 
ventricular dimension dynamics in the two principal axes. 
A miniature accelerometer was used to detect the epi-
cardial S3 vibration. The development of the S3 was in-
variably associated with an increased peak velocity of 
long-axis external dimensional expansion in early dias-
In previous reports from our laboratory, Ozawa et al. (1,2) 
sought to identify the dynamic event giving rise to the au-
dible vibration called the third heart sound. This previous 
research studied a third heart sound (S3) produced acutely 
by hypoxemia in the open chest canine model, as well as 
by invasive and noninvasive studies on human subjects. 
Their studies associated the S3 phenomenon with a distinct 
negative inflection (negative jerk) in the high fidelity ac-
celeration signal from the freely exposed heart surface near 
the cardiac apex, which results from an abrupt inherent 
limitation of the long-axis filling movement. The third heart 
sound occurs in conjunction with mitral regurgitation as well 
as with cardiomyopathy, which represent opposite extremes 
in the level of diastolic global chamber filling. This is per-
haps the most puzzling aspect of the S3 phenomenon. 
In the present research, we have sought to determine 
whether a common feature of left ventricular filling dynam-
ics is present in conjunction with an S3 in both hyperdynamic 
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tole. This enhanced long-axis filling activity was not de-
pendent on increased global chamber or short-axis filling 
dynamics and sometimes occurred when global filling 
rate was unchanged. In addition, the short-axis filling 
rate was sometimes reduced as the S3 developed. 
It is concluded that the common denominator of S3 
generation in this acute dog model is exaggerated long-
axis diastolic expansion activity which is present in both 
hyper- and hypodynamic left ventricular filling. 
(J Am Coil CardioI1985;5:268-72) 
and hypodynamic filling conditions, or if two different types 
of 53 mechanisms are involved. Toward this goal, we stud-
ied the external dimensions of the left ventricle in the two 
principal axes, as well as its global filling activity, as the 
S3 develops in both a hyperdynamic and a hypodynamic 
model using thoracotomized dogs. We have used ultrasonic 
sonomicrometers to delineate the ventricular external di-
mensional changes in the long and short axes, as well as a 
miniature accelerometer applied directly to the epicardial 
surface of the canine heart, to detect heart surface vibrations. 
Methods 
Operative procedure. Sixteen mongrel dogs weighing 
from 17 to 35 kg were anesthetized with intravenous sodium 
pentobarbital. Respiration was controlled with a mechanical 
ventilator with intermittent positive pressure. The dogs were 
placed in the supine position. The right vagus nerve was 
exposed in the neck and electrodes attached. Intermittent 
electrical vagal stimulation was used to slow the heart rate 
so as to facilitate studies of diastolic sounds. The chest was 
opened using a median sternotomy. The pericardium was 
opened and sewn to create a pericardia] cradle for the heart. 
Dimensional signals. Two pairs of hemispheric pulse 
transit ultrasonic transducers were sewn to the epicardium 
to measure the external short- and long-axis diameters of 
the left ventricle (Fig. I). In four dogs, we also obtained a 
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Figure 1. Schematic representation of the positions for placement 
of the sonomicrometry crystals and the miniature accelerometer" 
measure of equatorial wall thickness by implanting a small 
cylindrical sonocrystal, inserted at a 45° angle into the myo-
cardium, reaching the endocardial border, with another cy-
lindrical crystal sewn to the epicardium immediately above 
it. The internal volume (V) of the left ventricle was elec-
tronically derived from an analog signal processing circuit 
using the formula for an ellipsoidal shell: 
V = (7T/6 )(DS - 2h)2(DL - h), 
where DS is the external short-axis dimension, DL is the 
external long-axis dimension and h is the equatorial wall 
thickness (modified from the formula developed by Rankin 
et at. [3]). The sampling rate of the sonomicrometer was 
250 samples per second. The dimensional velocity and ac-
celeration signals were derived from the dimensional po-
sitional signal by electronic differentiation circuitry. The 
time derivative of volume (rate of change of volume) was 
also derived by differentiation circuitry. All of the signals 
obtained from the sonomicrometry crystals were extensively 
low pass filtered, with an attenuation of frequencies above 
25 Hz at a roll-off greater than 12 dB/octave. This filtration 
was necessary because of the nature of the sonocrystal in-
strumentation, and this undoubtedly distorts the dimensional 
information in the range of frequencies pertinent to the third 
heart sound. In spite of this limitation, the signals provide 
valuable information concerning the dimensional change 
activity of the ventricle as the S] is developed. 
Heart surface vibrations. The transducer used for de-
tecting the heart surface vibration is a miniature acceler-
ometer of the bonded strain gauge type which has been de-
scribed in our previous reports (1,2). It has a frequency 
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response from 0 to over 300 Hz. The sensitive axis of the 
accelerometer is oriented perpendicular to the epicardial 
surface to which it is attached to detect inward and outward 
acceleration transients. The polarity of the acceleration sig-
nal is recorded such that an upward excursion of the signal 
above the baseline is indicative of an outward acceleration 
of the epicardial surface. The phonocardiogram was derived 
from this acceleration signal by high pass filtering with a 
comer frequency of 55 Hz and a roll-off of 12 dB/octave. 
The phonocardiogram was recorded on a DC input channel 
of the multichannel recorder with an upper frequency re-
sponse limit of 250 Hz. The frequency response of the DC 
input channel used to record the accelerometer acceleration 
signal was from 0 to 25 Hz. This frequency response band-
width of the accelerometer acceleration signal is much lower 
than that used in our earlier studies (1,2) and was chosen 
so that the acceleration information obtained from the min-
iature accelerometer would have a similar frequency band-
width as compared with the dimensional acceleration signals 
obtained by sonomicrometry. The time delay of the dimen-
sional acceleration signal relative to the acceleration signal 
filtered in this way was about 14 ms throughout the fre-
quency range from 10 to 50 Hz. 
In each dog, a mapping of the intensity of S] on the 
anterior epicardial surface was performed with sequential 
placement of the accelerometer at predesignated positions 
on the anterior surface of the heart. The electrocardiogram 
(lead II) was also recorded as a timing reference. All signals 
were recorded on a multichannel physiologic recorder (Elec-
tronics for Medicine model VR-12) at a paper speed of 100 
mm/s. 
Experimental procedures. The S] was produced and 
studied in two different experimental procedures. 
Acute mitral regurgitation. In eight dogs, leaflets of the 
mitral valve or chordae were ruptured by means of a metal 
hook introduced through the left atrial appendage. We de-
termined the presence of mitral regurgitation by feeling the 
resulting jet on the left atrial wall. This procedure was 
repeated until an S] was produced. We recorded a phono-
cardiogram and a surface acceleration signal from the ac-
celerometer, as well as long- and short-axis signals of di-
mensional change, velocity and acceleration using the 
sonomicrometry crystals. Recordings were made during a 
control period, during the procedure of causing the regur-
gitation and during the period of S]. 
Hypoxemia. In eight dogs, we obtained the same signals 
described, with hypoxemia being produced by intermittently 
stopping the mechanical ventilator. The typical duration of 
the asphyxia was 3 minutes, resulting in global myocardial 
ischemia manifested by marked cyanosis and dilation of the 
left ventricle and a prominent S] vibration on the apical 
heart surface. This condition could be reversed by restarting 
the respirator with an apparent return to baseline hemody-
namics and disappearance of S]. 
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Results 
Acute mitral regurgitation (Fig. 2). After the produc-
tion of mitral regurgitation, an 53 appeared in all eight dogs 
and was associated with a hyperdynamic movement and 
dilation of the left ventricle. The S3 was found to be located 
near the apex and was associated with the distinct negative 
inflection (negative jerk) of the acceleration of the apical 
epicardium, which has been described in previous reports 
from this laboratory (I). The appearance of the S3 and neg-
ative jerk of the accelerometer acceleration signal was ac-
companied by an exaggeration of the peak long-axis di-
mensional expansion velocity and the appearance of a distinct 
negative inflection (negative jerk) in the dimensional long-
axis acceleration signal during the rapid filling phase. In six 
of these dogs, the short-axis dimensional expansion velocity 
also increased with the production of the 53, but this was 
found not to be a necessary condition because two of the 
dogs showed a reduced peak velocity of short-axis dimen-
sional expansion at the time of exaggerated long-axis ex-
pansion velocity and 53. 
Hypoxemia (Fig. 3 and 4). With hypoxemia, mani-
fested by cyanosis and marked dilation of the left ventricle, 
an 53 and its associated negative jerk were seen to develop 
in each of the eight dogs. The largest S3 vibration was 
recorded near the cardiac apex. With the development of 
the S3, all dogs showed an exaggeration of peak early di-
astolic velocity in the long-axis external dimensional signal. 
Figure 3 also illustrates the relation between the 53 and the 
abrupt limitation of long-axis rapid filling movement, as 
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seen in the long-axis dimensional signal. The peak early 
diastolic short-axis velocity was increased in six dogs, but 
was decreased in two dogs, 
As hemodynamic failure progressively became more se-
vere, with decreasing stroke volume and increasing end-
systolic volume, the 53 continued to increase in intensity 
despite the diminishing amount of blood ent~ring the left 
ventricle during diastole, This was associated with an ex-
aggerated peak velocity of the long-axis external diinension 
(Fig. 4) . Furthermore, the 53 vibration came earlier in the 
diastolic phase with progressing heart failure, which can be 
seen in this figure. 
Discussion 
Review of previous studies. In a previous report from 
our laboratory , Ozawa et al. (I) briefly outlined the historic 
development of the theories of the mechanism of the third 
heart sound. The major objective of the investigation by 
Ozawa et al. was the localization and characterization of 
the dynamic event giving rise to the 53' They concluded 
that the audible vibration arose as a result of a "negative 
jerk" of the apical epicardium caused by a sudden inherent 
limitation of longitudinal expansion of the left ventricular 
wall. Furthermore, they found that the vibration of the 53 
was relatively indistinct in the intracardiac phonocardiogram 
obtained by a micro manometer-tipped catheter, in compar-
ison with that manifested on the epicardial surface. The 
present study is a continuation of that previous work , and 
seeks a clarification concerning the hemodynamic conditions 
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Figure 2. Mitral regurgitation. Left panel 
depicts the control condition and the right 
panel indicates changes associated with 
the development of an S3 due to mitral 
regurgitation. The short-axis dimensional 
velocity (OSV) filling maximum becomes 
slightly reduced (arrow), whereas the long-
axis dimensional velocity (OL V) filling 
maximum becomes markedly exagger-
ated (arrow) . The accelerometer accel-
eration signal (SAA) and phonocardio-
gram (peG) are recorded near the apex . 
The short-axis dimensional acceleration 
(OSA) and the long-axis dimensional ac-
celeration signal (OLA) are also shown. 
Thin time lines shown below the electro-
cardiogram (bottom) are at 10 ms intervals. 
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Figure 3. Hypoxemia. Left panel depicts the control condition 
and the right panel indicates changes associated with the devel-
opment of S3 during hypoxemia. The appearance of S3 is associated 
with a distinct negative jerk of the acclerometer acceleration signal 
(SAA), which is also present in the dimensional long-axis accel-
eration signal (OLA)' and an exaggeration of long-axis velocity 
(OL V) filling maximum. The long-axis dimensional signal (OL) 
illustrates that the S, is associated with an abrupt termination of 
the long-axis rapid filling movement. Lead II on the electrocar-
diogram (ECG) is also shown. The timing relation between the S, 
and the dimensional signals is improved when the 14 ms time 
delay of the dimensional signals is considered. The accelerometer 
acceleration signal and phonocardiogram (PCG) are recorded near 
the apex. The thin time lines are at 10 ms intervals. 
predisposing to the production of the S} vibration and its 
intensity as detected at the anterior epicardial surface of the 
left ventricle. 
Use of external dimensional signals. Because of the 
placement of the sonomicrometry crystals on the epicardial 
surface, the dimensional signals obtained represent external 
dimensions of the left ventricle. These signals are thus dif-
ferent from measurements of internal chamber dimensions 
because they include wall thickness. In our analog circuit 
used to calculate volume and the rate of change of volume, 
we subtracted the wall thickness from the external dimen-
sional signals using the formula shown in the Methods sec-
tion. It is important to remember that the dimensional sig-
nals, as well as the dimensional velocity and acceleration 
signals used in this study, are indexes of external dimension 
dynamics. We believe that because it is the external wall 
of the ventricle that is in contact with the surrounding tissues 
and thus determines the vibrations of the overlying chest 
wall due to left ventricular events, external dimensional 
activity is perhaps more directly relevant to the study of 
heart sounds. 
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Role of long-axis filling in 83 production. In this study, 
we are primarily concerned with the changes in the long-
and short-axis external dimensional activity that accompany 
the development of the sharp negative jerk in the acceler-
ation signal as S3 occurs in both the hyperdynamic and 
hypodynamic model. Our results indicate that peak long-
axis dimensional velocity invariably becomes larger when 
an S} occurs. Furthermore, and perhaps more important, 
the short-axis external expansion activity-and indeed the 
global chamber filling activity-was not found to be a prime 
determinant of the presence or intensity of S}. Figure 2 
shows that the maximal value of the short-axis filling ve-
locity decreases as the S} develops, whereas the maximal 
value of the long-axis filling velocity markedly increases. 
Figure 4 shows that as the heart fails, the peak filling velocity 
of the long-axis dimensional signal becomes markedly in-
creased along with the S3 in spite of the fact that the total 
filling volume is greatly reduced and the peak filling rate is 
essentially unchanged. Accompanying this is the develop-
ment of a sharp negative jerk in both the long-axis external 
dimensional acceleration signal and the accelerometer ac-
celeration signal recorded near the apex. This suggests an 
Figure 4. Changes seen with increasing hemodynamic failure due 
to hypoxemia. As the end-systolic and end-diastolic volumes in-
crease and the stroke volume decreases, the S, becomes more 
pronounced in the phonocardiogram (PCG) (right), as does the 
negative jerk of the accelerometer acceleration signal (SAA). This 
is associated with a significant exaggeration of the long-axis di-
mensional velocity (OL V) filling maximum, whereas the total fill-
ing volume has diminished as seen in the left ventricular volume 
(L V vol) signal and peak volume inflow rate during rapid filling 
remains essentially constant, as seen in the time derivative of the 
global chamber volume (dv/dt) signal. The accelerometer accel-
eration and phonocardiographic signals are recorded near the apex. 
The thin time lines are at 10 ms intervals. 
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explanation for the paradox of the presence of S3 in both 
hyperdynamic (volume overload) and hypodynamic (car-
diomyopathy) conditions of the left ventricle. 
Our studies suggest the possibility that the underlying 
unifying feature of the S3 is an exaggerated rate of long-
axis external dimensional expansion in early diastole. The 
fact that this long-axis expansion velocity can be shown to 
increase when the short-axis expansion velocity decreases 
might be the result of a change in the pattern of filling 
accompanying hemodynamic failure. It is possible, for in-
stance, that a ventricle with a high residual blood volume 
loses its normal ability to fill primarily by means of short-
axis expansion, in which case a greater proportion of the 
blood is directed into long-axis filling movement. The ob-
servation that the S3 vibration occurs earlier in the diastolic 
phase with increasing heart failure from hypoxemia (Fig. 
4) is consistent with the hypothesis of increasing involve-
ment of long-axis filling as the end-systolic volume increases 
and the available volume for chamber filling is reduced. 
The sharpness of the negative jerk is probably determined 
not only by the velocity of long-axis expansion movement, 
but also by the compliance of the ventricle as this movement 
is abruptly terminated. For instance, an exaggerated rate of 
long-axis expansion might give rise to a sharp negative jerk 
and S) in a heart that has normal flexibility of its long axis. 
On the other hand, a heart that has reduced flexibility in the 
long-axis dimension might give rise to a sharp negative jerk 
and S3, even when the long-axis expansion velocity is nor-
mal. As shown in the long-axis dimensional signal (OL) in 
Figure 3, the abrupt termination of long-axis expansion is 
an inherent characteristic of the ventricle and is not depen-
dent on presence of the pericardium or impact with the inner 
chest wall. 
Limitations of M-mode echocardiography in under-
standing the genesis of S3' The ability of the long-axis 
external dimension to exhibit trends in the level of early 
diastolic activity that are totally different from those seen 
in the short-axis external dimension indicates that the left 
ventricle cannot be considered simply as a homogeneous 
isotropic chamber. Information concerning long-axis filling 
dynamics cannot be inferred by an analysis of the short axis 
using M-mode echocardiography. Our study supports the 
concept that the S3 vibration is a highly localized and di-
rectional phenomenon that is directly associated with long-
axis filling activity and only indirectly linked to short-axis 
and global ventricular filling dynamics. 
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Relation of acceleration signal to "sound." In our 
studies that record the phonocardiogram and acceleration 
signals obtained from the same miniature accelerometer, we 
do not expect the reader to ascribe causal significance to 
the fact that an S3 vibration is seen in both signals. Our 
purpose is to identify the nature of the dynamic event, as 
seen in the accelerometer acceleration signal, which gives 
rise to vibrations that are likely to be heard as an S), as 
indicated by the phonocardiogram (which is nothing more 
than a high pass filtered version of the acceleration signal 
itself). The practice of deriving the phonocardiogram from 
accelerometers has been performed for many years by many 
people and accelerometer type cardiac microphones are quite 
common (4). 
Problems in definition of "sound." We need to com-
ment on a problem encountered in all studies of phonocar-
diography, which is that of deciding when to ascribe au-
dibility to the vibrations graphically recorded. Because the 
science necessary to address this subject is not currently 
understood, we are not interested in debating when a "vi-
bration" becomes a "sound." In our studies on this subject, 
we have sought mainly to detect vibrations of the heart 
surface that fall in the frequency range consistent with hu-
man hearing and that can reasonably be expected to cause 
perpendicular (that is, inward and outward) vibrations of 
the overlying precordium so as to be detected by the con-
ventional acoustic stethoscope as a third heart sound. Trans-
mission of the negative jerk from the heart to the overlying 
skin surface in human subjects was documented by the stud-
ies of Ozawa et al. (2). Whether the "negative jerk" which 
we describe is the third heart sound is a subject that must 
await a much better understanding of what constitutes 
"sound" to the human ear. 
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